Originality-significance statement: This study has elucidated for the first time the phylogenetic identities of the Eikelboom filament morphotypes 0675 and 0041, two frequently seen filaments responsible globally for the operating problem of bulking in activated sludge systems. Both these filaments are members of the Chloroflexi and are sufficiently different to each other to belong to different genera within the Caldilineae. Thus, it is no longer necessary in surveys to describe them as a combination type 0041/0675, which has been common practice in the past, and which implicitly implies these are morphological variants of the same population of filaments. This outcome was achieved by retrieving 16S rRNA gene sequence amplicons using next generation sequencing technology, and a novel bioinformatics tool OTUStalker, created to facilitate data analysis and design of FISH probes targeting these filaments. The FISH probes and 16s rRNA sequence data published here will facilitate the reliable in situ identification of these organisms, and lead to an understanding of their ecophysiologies, their possible roles in activated sludge systems, and an increased understanding of operating factors responsible for their excessive proliferation. Furthermore, we believe this paper highlights some of the analytical bottlenecks currently impeding the use of NGS data for FISH probe design, and thus makes a valuable contribution to environmental microbiology as a whole. Therefore we believe that this paper makes an important contribution to our understanding of the filamentous Bacteria in bulking activated sludge plants. One sentence summary: Newly identified bulking filamentous bacteria are found to be members of the Chloroflexi, and common in Australian activated sludge systems.
INTRODUCTION
Since their conception and application for identification and visualisation in situ of individual bacterial cells more than 25 years ago (DeLong, Wickham and Pace 1989; Amann, Krumholz and Stahl 1990) , fluorescently labelled ribosomal RNA targeted oligonucleotide probes have contributed considerably to our current understanding of complex microbial communities (Nielsen, Daims and Lemmer 2009; Seviour and Nielsen 2010; Wagner and Haider 2012) . Fluorescence in situ hybridisation (FISH) has been applied widely to many natural and engineered habitats, including activated sludge, where it has played a crucial role in identifying key populations involved in nitrogen and phosphorus removal (Daims, Lücker and Wagner 2016; Stokholm-Bjerregaard et al. 2017) , and in exposing the true level of biodiversity among the bulking and foaming filamentous bacteria (Nielsen, Daims and Lemmer 2009) . FISH can also be used to provide quantitative data (Nielsen, Daims and Lemmer 2009 ). This and the modifications for signal enhancement (e.g. CARD-FISH) are often combined with techniques including microautoradiography (MAR-FISH), exoenzyme labelling (e.g. BODIPY-FISH, ELF-FISH) and histochemical staining to better understand the physiology and biochemistry of populations of interest at an individual cell level (Nielsen, Daims and Lemmer 2009; Seviour and Nielsen 2010; Wagner and Haider 2012; Stokholm-Bjerregaard et al. 2017) .
While an elegant and powerful technique, FISH is not without limitations. For example, knowledge of suitable phylogenetic marker sequences, usually those of the 16S or 23S rRNA genes, is required prior to FISH probe design (Amann and Fuchs 2008; Noguera et al. 2014) . This is a straightforward task for those organisms recoverable as pure cultures, but more problematic for the largely unculturable populations in activated sludge (e.g. Wagner et al. 1994b; Beer et al. 2002; Kohno, Sei and Mori 2002; Speirs et al. 2009 Speirs et al. , 2011 Nittami et al. 2009; Kragelund et al. 2011) . Consequently, several of the filamentous bulking bacterial morphotypes of Eikelboom (1975) remain unidentified, and so no targeted FISH probes exist for them (Nielsen, Daims and Lemmer 2009; Seviour and Nielsen 2010) .
Two of these are Eikelboom types 0041 and 0675. Both are commonly seen in activated sludge systems around the world, and usually rank highly in relative abundances in activated sludge filament surveys (Jenkins, Richard and Daigger 2004; Tandoi, Jenkins and Wanner 2006; Seviour and Nielsen 2010 ). Type 0041 was described originally as a Gram variable, unbranched, septate and sheathed filament with square/rectangular cells, commonly possessing abundant attached growth, and was distinguished from the Eikelboom filament morphotype type 0675 almost entirely on the basis of its slightly larger filament diameter (Eikelboom 2000; Jenkins, Richard and Daigger 2004) . In many surveys, these two morphotypes are grouped together (i.e. type 0041/0675) because it has been claimed that neither appeared to be sufficiently different to the other in its cell diameter to permit reliable individual microscopic morphotype recognition (Seviour et al. 1990 ). Whether these are two different filamentous bacteria or different growth forms of the same organism is not known, since neither has been grown axenically, and no 16S or 23S rRNA sequence data are available for either. FISH survey data have suggested that both morphotypes contain members belonging to the Chloroflexi (Björnsson et al. 2002; Kragelund et al. 2007; Nittami et al. 2014) , Proteobacteria (Thomsen, Kragelund and Nielsen 2006) and Candidatus 'Saccharibacteria' (Hugenholtz et al. 2001; Kindaichi et al. 2016) .
Although commonly seen in biomass samples, the often low relative abundances of type 0675/0041 filaments, and presence of epiphytic bacteria, make their identification with methods such as cloning or culturing after micromanipulation challenging. It is now possible to utilise next generation sequencing (NGS) platforms to achieve high-throughput amplicon sequence data of the hypervariable regions of 16S rRNA genes to allow much greater profiling depth of microbial communities, and commonly recovering >10 6 individual 16S rRNA sequences per sequencing effort. Consequently, this allows for the retrieval of sequences from populations with very low relative abundances, including some of the bulking filamentous bacteria. Here we describe how Roche 454 amplicon sequencing data were used to identify and facilitate FISH probe design for Eikelboom morphotypes 0041 and 0675, both filamentous Chloroflexi, in activated sludge biomass samples from full-scale plants.
EXPERIMENTAL PROCEDURES

Biomass collection and DNA extraction
Biomass samples were collected and delivered with chilling to the laboratory using overnight courier services, from a full-scale activated sludge plant located in the Australian Capital Territory (ACT). Duplicate aliquots of biomass sample were fixed immediately in 50% ethanol or 4% (wt/vol) paraformaldehyde (Daims, Stoeker and Wagner 2005) prior to storage at -20 • C until required for FISH analyses. The remaining sample was stored at 4
• C until DNA extractions were undertaken within 24 h of their collection. Three DNA extraction methods were utilised in attempts to reduce any extraction bias: the sodium trichloroacetate based method described by McIlroy et al. (2008) , the xanthogenate based method described by Tillett and Nielen (2000) , and the FAST DNA Spin Kit (Obiogene, Melbourne, Victoria).
Microscopic analysis
Biomass samples were Gram and Neisser stained and viewed using bright field microscopy to determine which filamentous bacterial morphotypes were present according to the Eikelboom descriptions given in Jenkins, Richard and Daigger (2004) . Tentative taxonomic assignments were then made using epifluorescence microscopy and the FISH probes listed in Table 1 , as described by (Speirs et al. 2009 (Speirs et al. , 2011 Speirs, Tucci and Seviou 2015) . Images were acquired with either an E800 epifluorescence microscope (Nikon) or FV10i confocal laser scanning microscope (Olympus), and images assembled using ImageJ (Rasband 1997) and Photoshop (Adobe). Filament abundances were based on the subjective method described in Jenkins, Richard and Daigger (2004) .
FISH probe validation
FISH was performed on biomass samples according to the protocol of Amann, Krumholz and Stahl (1990) , with modifications detailed by Daims, Stoeker and Wagner (2005) . The formamide concentrations used were those recommended in the original publications for each probe, or determined empirically during validation of newly designed probes (see results). Probes were purchased from Sigma (Melbourne, Australia) and labelled with either CY3, CY5 or FLUOS fluorochromes. Application of the EUBmix Daims et al. 1999 ) and non-EUB (Wallner, Amann and Beisker 1993) probes provided positive and negative controls for FISH, respectively. Since many Chloroflexi lack the EUBmix target site (Speirs et al. 2009 (Speirs et al. , 2015 Kragelund et al. 2011) , the CFXmix (Gich, Garcia-Gil and Overmann 2001; Björnsson et al. 2002) probe was also applied as a positive control where indicated.
PCR protocol
PCRs were performed on the DNA derived from each extraction method separately, using a GeneAmp PCR System 9700 thermal cycler (Applied Biosystems), and the 16S rRNA amplicons generated from each then combined. 16S rRNA gene sequences were amplified with the universal bacterial primer set U27f (5 -GAGTTTGATCMTGGCTCAG-3 ) and U1492r (5 -GGYTACCTTGTTACGACTT-3 ), using the following cycling conditions: 1 cycle of 5 min at 95 
Amplicon sequencing and data treatment
Purified near-complete 16S rRNA gene amplicons from each extraction method were pooled in equal amounts to a final concentration of 20 ng μL −1 , and 20 μL transferred to 1.5 mL plastic tubes. These were then delivered to Research and Testing Laboratory (Lubbock, Texas, USA) for amplicon pyrosequencing using a Roche 454 GS FLX (Roche, Switzerland) system. The returned sequencing data were de-noised (Reeder and Knight 2010) , analysed and presented using the Quantitative Insights into Microbial Ecology (QIIME) software pipeline package (v1.8.0) (Caporaso et al. 2010b) . Sequencing data were filtered by Phred quality score (≥25) and amplicon read length (≥200 bp). Forward and reverse primer, linker and barcode sequences were trimmed, and multiplexed reads were assigned to individual samples. Chimeric sequences were screened and removed using the 'Chimera Slayer' script (Haas et al. 2011) . Further data processing involved a number of steps. Reads were clustered into OTUs using a threshold value of 0.97 (default setting equal to ≥97% similarity) and a representative sequence for each identified. (Edgar 2010) . Then OTU sequences were aligned using PyNAST (Caporaso et al. 2010a) to the Greengenes database (v12.10) (DeSantis et al. 2006) , and assigned a taxonomic identity using the RDP Classifier (Wang et al. 2007) and MiDAS reference taxonomy database (McIlroy et al. 2015) . Finally, An OTU table, interactive heatmap, abundance distribution plots and rarefaction curves were generated with QIIME.
Software development for OTUStalker
As no software package was available to separate 16S rRNA gene amplicon sequence data by taxon, we designed the OTUStalker software. OTUStalker was written in Java version 1.7.0, featuring a graphical user interface for ease of operation, and has been tested successfully with Mac OSX 10.9.3, Windows Vista/7 and Ubuntu 14.04 LTS operating systems. OTUStalker was designed to filter QIIME (v1.8.0) processed data using a nominated taxonomic group (in this case Chloroflexi) prior to obtaining all sequence data from the select OTUs, together with raw read and quality score data. OTUStalker generates log and data files as a combined output, as well as isolating the data by sample, to aid in downstream analysis. OTUStalker (available at https://github.com/zadyson/OTUStalker), and detailed user information is listed in Supplementary Note (Supporting Information).
FISH probe design
FISH probe design was accomplished using the ARB software package (Ludwig et al. 2004 ) 'PROBE DESIGN' tool, and sequence data from the SILVA release 111 rRNA sequence database (Quast et al. 2013) . Putative probe options were scrutinised using Probe Match provided by the Ribosomal Database project (RDP) (Cole et al. 2009 ), Probe Check (Loy et al. 2008) and NCBI BLAST searches. Probes were designed against full-length (>1200 bp) 16S rRNA sequences, although putative hybridisation positions were limited to those also present in the corresponding target amplicon sequences, to ensure that both were targeted. Mismatches arising from single-base insertions and deletions at all positions in the probe target site were screened using the LoopOut software and searches of databases other than RDP, since RDP Probe Check software takes these mismatches into account. Optimal hybridisation stringency was determined empirically by increasing formamide concentrations in 5% increments until only those filaments matching the desired morphotype fluoresced, and before their fluorescence signal strength decreased. A survey of a large number of biomass samples from different activated sludge treatment plants was then undertaken to check that these probes hybridised to filaments possessing both the appropriate morphology and organisms responding to the CFXmix FISH probe (Gich, Garcia-Gil and Overmann 2001; Björnsson et al. 2002) .
Nucleotide accession numbers
Partial 16S rRNA gene sequences obtained during this study are available in GenBank with the accession numbers KY993924 -KY993953 and MF079263. The amplicon data set was submitted to the NGS Sequence Read Archive with the accession SAMN06833120.
RESULTS
FISH analyses of activated sludge samples
Microscopic analysis of mixed liquor samples from an ACT activated sludge plant was performed immediately after their arrival in our laboratory. This plant was designed to remove nitrogen microbiologically, while phosphorus removal was undertaken chemically using Ca(OH) 2 . (Jenkins, Richard and Daigger 2004) responded to both CFX1223 and GNSB941 Chloroflexi probes when applied separately, and also to the EUB338-I ) and Caldi-0678 (Kragelund et al. 2011 ) probes designed to target most members of the bacteria and ∼86% of known members of the genus Caldilinea within the Chloroflexi, respectively (Fig. 1A) . Filaments possessing the morphological attributes of morphotype 0041 (Jenkins, Richard and Daigger 2004 ) also responded to both the CFX1223 and GNSB941 probes, the Caldi-0678 probe and less convincingly to the EUB338-I probe (Fig. 1B) . The T0803-0654 probe designed to target a phylogenetic cluster within the Caldilinea representing the Eikelboom morphotype 0803 Chloroflexi (Kragelund et al. 2011) , occasionally conferred a weaker fluorescence signal to both the type 0675 and type 0041 filaments (Fig. 1C ).
These FISH data were then used to screen for 454 pyrosequencing generated 16S rRNA amplicon sequences of interest, prior to FISH probe design as detailed below. Those probes conferring weak or inconsistent fluorescence were thought likely to possess weaker sequence mismatches for the targeted populations and were also exploited in target sequence analysis prior to FISH probe design. Neither the 0041 nor 0675 filament morphotypes responded to any other FISH probes tested, including those designed against members of the Ca. 'Saccharibacteria' and reported elsewhere to target the filament morphotype 0041 and other filaments (Hugenholtz et al. 2001) .
Pyrosequencing derived 16S rRNA amplicon sequence data analysis
454 16S rRNA amplicon sequencing data revealed highly diverse populations of Chloroflexi existing within the ACT plant biomass sample, and contributed c.a 3.2% to the overall bacterial population. Rarefaction curves showed that an adequate survey depth had been achieved to describe comprehensively the total bacterial diversity present (Fig. S1A , Supporting Information). Sequencing generated 56 640 nonchimeric 16S rRNA gene amplicon sequences with a mean read length of 367 bp (min/max 223/515 bp). When clustered at ≥97% sequence similarity, these sequences formed 1222 OTUs. Several other bacterial phyla were represented, including the Proteobacteria (44.8%), Bacteroidetes (35.1%), Chlorobi (2.7%), Planctomycetes (2.1%), Acidobacteria (1.6%), Verrucomicrobia (1.6%) and Actinobacteria (0.5%). 6.6% of the OTUs remained unidentifiable.
OTUStalker and analysis of the Chloroflexi
As organisms belonging to the Chloroflexi alone were of interest for FISH probe design, the OTUStalker software (see Experimental Procedures and Supplementary Notes for details) was used to isolate those sequence data pertaining to the Chloroflexi from the original much larger total bacterial sequence data set. This subset of Chloroflexi 16S rRNA data was again analysed with QIIME. Rarefaction curves indicated that species richness had again been covered adequately (Fig. S1B) . OTUStalker retrieved a total of 1753 Chloroflexi 16S rRNA amplicon sequences with a mean length of 342 bp. These clustered into 54 OTUs (0.97 threshold). Members of the OTUs belonged to the classes Ardenticatenia (47.8%), Anaerolineae (32.0%), Caldilineae (12.1%), SJA-15 (1.6%), WCHB110 (1.2%), Chloroflexia (1.1%), TK10 (1.1%) and S085 (0.1%), while 3.0% were unidentifiable beyond phylum level. Of the Caldilineae identified, 6.6% (115 amplicon sequences) were members of the phylotype P2CN44 (0.20% of total bacteria), and 5.5% (96 amplicon sequences) were designated as uncultured (0.17% of the total bacteria). Several Chloroflexi phylotypes commonly observed in other activated sludge communities (McIlroy et al. 2015) were also present in the data set (Fig. 2) . Thus, sequences from the phylotype B45 (P. breve: morphotype 0092), SBR1029, P2CN44 (morphotype 0803), Ca. 'Sarcinathrix' (morphotype 0914) and Kouleothrix spp. (morphotype 1851) accounted for 1.43%, 0.67%, 0.20%, 0.05% and 0.02% of the total bacterial sequences, respectively.
Sequences of the Caldilineae were thought to encompass the organisms of interest, since both the type 0675 and 0041 filaments had responded to the Caldi-0678 FISH probe designed to target members of this class. As the T0803-0654 type 0803 targeted probe (Kragelund et al. 2011) was observed hybridising to type 0675 and 0041 filaments, sequences from the phylotype P2CN44 were also included in FISH probe design.
All the Chloroflexi OTUs were imported into the CLC Genomics Workbench ver. 6.5.1 (Qiagen) software, allowing oligonucleotide probe hybridisation sites to be located and annotated, and OTU sequence similarities determined. Those Chloroflexi OTUs possessing the appropriate probe hybridisation sites, as determined from the earlier FISH screening experiments, were then selected for probe design. The phylogenetic positions of these, along with other Chloroflexi OTUs possessing ≥5 sequences (equal to ca. 0.01% of the total sequences recovered), are shown in Fig. 2 .
Many sequences affiliated with members of the class Caldilineae lack a perfect match to any of the three EUB probe variants (EUB I, II, III) designed and widely used to target most bacteria Daims et al. 1999) . Approximately 91% of Caldilineae sequences, and members of OTUs 28, 31 and 46 from this study, possessed a single-base substitution in the EUB I target site (Table 1) , and examples of these are highlighted in Fig. 2 . Furthermore, several sequences, including those of OTUs 19, 20, 34, 37, 47 and 52, possess a single-base deletion within the EUB I target site (Table 1) , and these too are highlighted in Fig. 2 . This single-base deletion is also present in other sequences derived from Sanger sequenced clonal DNA and Illumina amplicon data, and therefore is not considered to be a Roche 454 homopolymer error. After analysis using mathFISH (Yilmaz, Parkemar and Noguera 2011) , and taking into account the recommendations of McIlroy et al. (2011) , these two variants of target site mismatch are probably insufficient to prevent FISH at the stringencies commonly used for the EUB probes (i.e. 30%-40% formamide). This feature may explain the dull and/or unreliable fluorescence signals often encountered during FISH experiments or surveys, when the EUB mix probes are used to target the morphotype 0041 and 0675 filaments that also hybridise with the CFXmix and Caldi-0678 FISH probes.
FISH probe design and validation for OTUs from the phylotype P2CN44
Members of OTUs 47 and 19 were classified as belonging to the phylotype P2CN44, and together constituted 0.17% of the total 16S rRNA genes sequenced from the ACT plant biomass. Two FISH probes, CFX194a and CFX194b (Table 1) , were designed to target OTU47 (77 sequences) and OTU19 (22 sequences) members, respectively. CFX194b also contained a degenerate base allowing it to target sequences present in the SILVA database with ≥98% sequence similarity to OTU 19 members (Fig. 2) . OTUs 47 and 19 members shared ca. 90% sequence similarity to sequences derived from the type 0803 P2CN44 of Kragelund et al. (2011) and targeted by the T0803ind-0642 FISH probe.
However, the two sequences HQ262528 and HQ262533 isolated by Kragelund et al. (2011) were only ca. 93%-94% similar to the P2CN44 sequences targeted by the T0803ind-0642 probe. Hence, these were also included in the CFX194b target cluster because of their higher similarity to OTU19 members (ca. 97.8%). It is noted here that the T0803-0654 probe observed hybridising to type 0675 filaments (Fig. 1C) was designed to target a group that includes the sequences HQ262528 and HQ262533, as well as those type 0803 morphotype filaments targeted by the more specific T0803ind-0642 probe (Kragelund et al. 2011) .
Both the CFX 194a and 194b probes conferred fluorescence to filaments in the ACT plant biomass fitting the morphological description of Eikelboom type 0675 (Fig. 3A and B) . Optimum hybridisation stringency for both probes was determined to be at 45% v/v formamide in the hybridisation buffer (Fig. S2 , Supporting Information). While the CFX194a probe conferred fluorescence to the abundant (filament index 'common') type 0675 filaments, the CFX194b probe hybridised with a less abundant (filament index 'few') population of type 0675 filaments (Fig. 3B) . These probes did not confer fluorescence to any organisms other than the type 0675 filament morphotypes also responding to the CFXmix probe, in any of the other plant biomass samples surveyed (Table 2) . These filaments had a mean diameter of 0.88 (±0.02) μm, almost always possessed large amounts of attached growth, and often protruded from flocs (Fig. S3 , Supporting Information), sometimes leading to interfloc bridging. In a survey of 30 activated sludge biomass samples, type 0675 Chloroflexi filaments identified by these probes appeared from the small survey carried out here to be more abundant in EBPR plants. We recommend the CFX194a and CFX194b probes be used as a mix (CFX194) to target the morphotype 0675 filamentous Chloroflexi described here.
FISH probe design and validation for OTUs classified as uncultured Caldilineae
The FISH probe CFX86a was designed to target members of OTUs 37 (8 sequences), 20 (5 sequences) and 34 (3 sequences) whose sequences shared >95% similarity, and the CFX86b probe designed to target OTU52 (15 sequences) members (Fig. 2) . Together, these groups represent only 0.03% of the total bacterial populations whose sequences were retrieved. Both CFX86a and CFX86b probes conferred fluorescence to two populations of filamentous organisms possessing the Eikelboom type 0041 morphotype ( Fig. 3C and D) in the ACT plant biomass. These filaments had a mean diameter of 1.36 (±0.04) μm. However, a survey of 30 additional activated sludge biomass samples (Table 2) showed that the CFX86b probe also conferred fluorescence to some filamentous microbes possessing a morphotype more similar to type 0675, which also responded to the CFXmix probe.
Screening the Genbank 16S rRNA gene sequence database showed two full-length and several partial 16S rRNA sequences, with between 80% and 90% sequence similarity to those of OTU52 members, which possessed the CFX86b probe target site. Results using this probe should therefore be treated cautiously, taking into account the type 0041 filament morphology and cohybridisation with the CFXmix and Caldi-0678 probes. An opportunity to design a more specific FISH probe will become available in the future, by benefitting from a greater knowledge of the clade representing Chloroflexi filaments with a type 0041 Figure 2 . Maximum-likelihood phylogenetic tree. Tree contains amplicon sequences derived from the ACT plant biomass (bold type), and representative Chloroflexi sequences. All sequences were ≥1200 bp in length, except partial sequences which were added using the 'Quick add' function in ARB (Ludwig et al. 2004) , and are identified by '(p)'. Blue and green shaded boxes indicate sequences targeted by the CFX86 and CFX194 FISH probes, respectively. Orange shaded boxes identify sequences derived from common Chloroflexi phylotypes observed in activated sludge communities determined by McIlroy et al. (2015) . Coloured bars to the right indicate EUB probe site features; red bars denote possession of a perfect match to the EUB I FISH probe, yellow indicates sequences with a single base substitution within the EUB site and orange indicates those with a single-base deletion within the EUB site (see discussion and Table 1 ). Black bars to far right indicate Chloroflexi class groups. The scale bar corresponds to 0.1 substitutions per nucleotide. Parsimony bootstrap values were calculated as percentages of 1000 analyses, values 50%-75% and indicated with white circle, 76%-95% with a grey circle and those ≥96% with black circle. Rhodocyclus tenuis str. DSM109 T (D16208) was added as an outgroup, by which the phylogenetic tree was rooted. 
Modified Lutzack-Ettinger
Modified Lutzack-Ettinger -
a Filament prevalence scaling based on that described by Jenkins Jenkins, Richard and Daigger (2004) .
− indicates none; + few; + + some; + + + common; + + + + dominant; + + + + + excessive. Vic., Victoria; Qld, Queensland; NSW, New South Wales; SA, South Australia; ACT, Australian Capital Territory; AS, Activated Sludge; MUCT, Modified University of Cape Town; SBR, Sequencing Batch Reactor; IDEA, Intermittent Decant Extended Aeration.
morphology. The plant survey data (Table 2) suggest that type 0041 Chloroflexi filaments are commonly seen filament populations in Australian plants of all configurations (Table 2) , agreeing with the earlier light microscopy data (e.g. Seviour et al. 1990 Seviour et al. , 1994 . We recommend using 35% formamide (v/v) in the hybridisation buffer (Fig. S2) to provide adequate stringency, and allowing these probes to be used in conjunction with the CFXmix probes. Again we recommend using the CFX86a and CFX86b probes as a mix (CFX86) to target morphotype 0041 Chloroflexi filaments. Some type 0041 Chloroflexi filaments targeted by the CFX86a/b probes often responded unreliably and/or unevenly to these and other FISH probes, including the EUBmix probe, and therefore we also recommend including the helper probes listed in Table 1 to increase hybridisation efficiency and fluorescence signal strength.
DISCUSSION
The earlier forecasts of Björnsson et al. (2002) that many of the filamentous bacteria still phylogenetically uncharacterised in activated sludge when their work was published would emerge eventually as members of the Chloroflexi are being realised. Of the Eikelboom morphotypes not yet cultured, some Nostocoida limicola like filaments (Schade, Beimfohr and Lemmer 2002) , the filaments Promineofilum breve (type 0092) , type 0803 (Kragelund et al. 2011; Speirs et al. 2015) and Ca. 'Sarcinathrix' spp., (type 0914) (Speirs et al. 2011 ) have all been shown to be Chloroflexi. They join the cultured activated sludge filaments type 1851 of Kouleothrix aurantiaca (Beer et al. 2002; Kohno, Sei and Mori 2002; Kragelund et al. 2007) , and the filamentous ET1 isolate obtained by Yoon et al. (2010) , as members of this phylum isolated from activated sludge. Yoon et al. (2010) proposed their ET1 isolate corresponded most closely to 'Haliscomenobacter hydrossis', a filament reported to have members in the phyla Bacteroidetes (Wagner et al. 1994a; Kragelund et al. 2008) and Chloroflexi (Kragelund et al. 2007) , although their stated trichome diameter and filament shape were different to that described for this morphotype (Jenkins, Richard and Daigger 2004) . The 16S rRNA sequence of the ET1 isolate is most closely related (ca. 92%) to that of the phylotype P2CN44 type 0803 Chloroflexi filaments, also members of the Caldilinaea, described by Kragelund et al. (2011) . Their isolation and description of a novel Chloroflexi filament emphasise how little is known of their bodiversity in activated sludge communities Indeed, filamentous members of the Chloroflexi are almost always observed as prominent populations there (Beer et al. 2002; Björnsson et al. 2002; Kragelund et al. 2007 Kragelund et al. , 2011 Mielczarek et al. 2012) , but many of these remain uncultured and unclassified.
While this is the first report of the probable phylogeny of the type 0675 filaments, earlier work has raised several questions concerning the phylogeny of the type 0041 morphotype. Hugenholtz et al. (2001) claimed it was a member of the Ca. 'Saccharibacteria' (previously the phylum TM7), and described the two FISH probes TM7305 and TM7905 for it, both of which have been used globally in subsequent FISH studies (e.g. Xia, Kong and Nielsen 2008; Mielczarek et al. 2012; Kindaichi et al. 2016) . However, only 15% of the type 0041/0675 filaments responded to either probe in a Danish survey (Thomsen et al. 2002) , while in another from Germany, about 40% responded (Schade, Beimfohr and Lemmer 2002) . In all the survey data generated in this study and others carried out in this laboratory, morphotype 0041 and 0675 filaments responding to either TM7305 or TM7905 probes were very rarely seen by us. Instead these morphotypes responded to the CFXmix probes described by Gich, Garcia-Gil and Overmann (2001) and Björnsson et al. (2002) for the Chloroflexi, and in some samples with the Caldi-0678 and T0803-0654 FISH probes designed by Kragelund et al. (2011) to target the class Caldilineae and their type 0803 filaments respectively. Nielsen, Daims and Lemmer (2009) also reported that most type 0041/0675 filaments were positive for the CFX mix probes.
These outcomes together have been taken to suggest that type 0041/0675 filaments are polyphyletic (Nielsen, Daims and Lemmer 2009) , and indeed some type 0041/0675 filament morphotypes failed to respond to any of the Chloroflexi FISH probes applied in this study. However, none of these filaments responded to the TM7305 or TM7905 FISH probes either. It is worth commenting that the surveys of both Schade, Beimfohr and Lemmer (2002) and Thomsen et al. (2002) were performed before the CFX mix probes were available.
Further questions about these Saccharibacteria-targeted FISH probes were raised by Nittami et al. (2014) , who showed in mixed liquor samples from both Australia and Japan that they imparted fluorescence to morphotype type 1851 Chloroflexi and several other unidentified Chloroflexi filaments responding to both CFXmix probes. These false positives were revealed to result from a weakly destabilising mismatch in the 16S rRNA variant probe target site in type 1851, insufficient to prevent probe hybridisation. Nielsen, Daims and Lemmer (2009) had shown earlier that 50% of the TM7305 probe target sites were present in members of the Chloroflexi, and their type 0041/0675 filaments fluoresced with the TM7905 probe of Hugenholtz et al. (2001) . Clearly, caution is needed in interpreting any FISH survey data where these probes are used, and the competitor probes designed by Nittami et al. (2014) should be included with them as a matter of routine. Kindaichi et al. (2016) reported that several filament morphotypes in activated sludge plants in Denmark and Japan responded to the TM7 and other newly designed saccharibacterial targeted FISH probes, but unfortunately did not identify which of Eikelboom's morphotypes, if any, these FISHpositive filaments resembled, and especially whether they possessed the type 0041 or 0675 morphotypes.
The electron micrographs of the type 0041 filaments of Hugenholtz et al. (2001) revealed ultrastructural features of what was interpreted as corresponding to sheathed filaments with a typical Gram-positive cell wall, though no direct evidence was presented to confirm that these were the filaments responding to their TM7 FISH probes. None of the TEM or FISH data from the filaments they showed had any attached epiphytic cells, a feature considered to be diagnostic for this morphotype (Jenkins, Richard and Daigger 2004) . Furthermore, no 16S rRNA clones retrieved from their SBR biomass sample were attributed specifically to the type 0041 filaments they saw there, and as no specific FISH probes for this filament have been published previously, any comparisons between their filament and the Eikelboom type 0041 filaments found in other samples are highly problematic.
This study shows clearly that high-throughput NGS, generating a large amplicon data set, was successful in resolving the phylogeny of type morphotype 0041 and 0675 filaments, and in facilitating the design of targeted FISH probes for each. Recovering sequences using cloning and Sanger sequencing is inefficient for populations of low relative abundance, and in this study would have required the generation and screening of >3000 individual clones. NGS amplicon data is also more informative in elucidating the true level of sequence homology between sequences of OTUs because of the larger number of sequences embraced by each, ensuring that the presence of sequence indels Nittami et al. 2014; Noguera et al. 2014) or single nucleotide polymorphisms, both of which may interfere with subsequent probe hybridisation to its target site, can be identified and avoided.
However, applying high-throughput NGS data for FISH probe design is not without difficulties. The software package QI-IME (v1.8.0) does not allow ready examination of an individual or group of OTUs, and their member sequences, as required in this study. To partially remedy this, the OTUStalker software (https://github.com/zadyson/OTUStalker) described here was created. It allows ready isolation of individual OTUs and their individual member sequences from phylogenetic groups of interest (e.g. Chloroflexi) from a large NGS data set, thus facilitating more targeted analysis and saving time. In effect, this software acts in the same way as if targeted PCR primers had been employed to amplify and subsequently sequence only DNA from the phylogenetic group of interest.
While the data presented here show that type 0675 and type 0041 filament morphotypes in Australian WWTPs are predominantly members of the Chloroflexi, and most likely the class Caldilineae, their detailed taxonomic relationships remain unclear. So neither is named formally here, although they almost certainly represent separate individual genera (Yarza et al. 2014) . Furthermore, it is unclear if the phylotype P2CN44 contains two separate species possessing the type 0803 and 0675 morphologies, or whether it would be more appropriate to group each of these morphotypes into separate genus. This is not possible now, but their low 16S rRNA sequence similarity of ca. 90%, together with their quite different filament morphologies, suggests that they represent members of at least two separate genera. Like the morphotype 0803 Chloroflexi filament identified by Kragelund et al. (2011) , both are sheathed filaments (Fig. S3) , and embrace populations that can now be distinguished reliably by applying the FISH probes designed and validated in this study (Table 1) . However, the plant biomass surveys reported here reveal that many samples contained type 0675 and 0041 filament morphotypes responding to the general CFXmix FISH probe, but to neither the CFX194a/b nor CFX86a/b probes, suggesting further as yet unresolved phylogenetic diversity exists within each.
The Chloroflexi OTUs retrieved here were too numerous for individual probes to be designed against each. However, this should be attempted in the future when more sequence data are collated and more efficient computational analytical tools become available. More rigorous assessment of NGS data from a larger sample of activated sludge plants should also reveal the most widespread Chloroflexi groups, including those contributing to bulking events, and allow the design of better targeted FISH probes. The recent development of protocols to generate longer length sequence 16S rRNA gene sequence data (e.g. Karst et al. 2016; Singer, Bushnell and Coleman-Derr 2016) or improved sequence assembly/reconstruction (e.g. Miller et al. 2011 Miller et al. , 2013 should facilitate FISH probe design exercises based on nearcomplete NGS rRNA data. Nevertheless, the probes designed here against short amplicon and related full-length sequences mean that no longer need these two morphotypes be combined into a single 0041/0675 morphotype as has been common practice in the past in microscopically based filament 'identification' (Seviour et al. 1990 (Seviour et al. , 1994 Lemmer et al. 2000; Krhutková, Ruzicková and Wanner 2002; Müller, Schade and Lemmer 2007; Mielczarek et al. 2012 ). The FISH probes described here will allow a better understanding of their global distribution and ecophysiologies. Furthermore, the 16S rRNA sequence data generated will for the first time enable these to be included in 16S rRNA amplicon sequence data and provide further clues on which operating factors might favour their proliferation in activated sludge.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSEC online.
